Abstract-Power converters consisting of naturally commutated thyristors such as cycloconverters and current source inverters were the first to be used in driving electrical motors with variable speed, but now, due to their inferior performance compared to forced commutated converters, their use is restricted in the high voltage/high power range where the performance and cost of forced commutated switching devices are not yet competitive. Hybrid cycloconverters proposed recently are capable of improving the performance of cycloconverters by adding an auxiliary forced commutated inverter with reduced installed power. It will be shown that the new topology is not only able to improve the quality of the output voltage but is also able to enhance the control over the circulating current and, therefore, for some of the cycloconverter arrangements, to improve the input power quality. This paper evaluates the performance of a few standard and hybrid cycloconverter arrangements using both simulation and experimental results.
I. INTRODUCTION
A CYCLOCONVERTER [1] - [10] comprises a network of naturally commutated thyristors that bidirectionally connect each of the input lines to each of the output lines, as shown in Fig. 1 . There are many topologies in use, depending on the number of pulses of the thyristor bridges (6-12-18-24, etc.) and if their operating mode is a circulating-current mode (CCM) or circulating-current-free mode (CCFM). The output voltage is controlled by modulating the firing angle to generate an ac output voltage of adjustable frequency and amplitude. Even though the operation is straightforward, there are some disadvantages: 1) The frequency of the load-side voltage can only be a fraction, typically one-third, of the supply frequency, depending on the number of the pulses, due to the high content of harmonics present in the output voltage; 2) the poor input power factor due to the high content of harmonics, interharmonics, and even subharmonics present in the input current; and 3) poor control over the circulating current when the cycloconverter operates in CCM causes a large amount of reactive power drawn from the supply and further degrades the power quality on the input side. A good synthesis of both the output voltage and input current waveform can be achieved by increasing the number of pulses. This is realized by employing a multiphase (more than three phases) supply with a small phase displacement between the supply phase voltages or by using phase-shifting transformers (delta-star transformers or autotransformers) in a standard three-phase supply.
The drawback of using a high number of pulses is that the assembly requires a large number of devices and it is rather bulky, as the transformers are designed for full power. Although the circulating current can be much reduced by employing circulating-current reactors (CCRs), this is also at the expense of increasing the complexity of the whole circuit since the inductor size is dependent on the frequency of the ripple (number of pulses). However, the cycloconverter is still used in very high power range (tens to hundreds of megawatts) drives, where there is no other type of semiconductor switch available.
A new topology based on the hybrid approach [11] , [12] , i.e., the hybrid cycloconverter, has been proposed [13] , [14] to mitigate these problems by connecting an auxiliary inverter with lower voltage rated devices in each of the output phases of the cycloconverter. This paper further validates the feasibility of the hybrid approach by evaluating the standard and the hybrid cycloconverter arrangements (in CCM and CCFM) through the implementation of both a simulation model and an experimental prototype.
II. HYBRID CYCLOCONVERTER
The key to reducing the size of magnetic components is to increase the frequency of the ripple by employing an auxiliary forced commutated power converter operating in a similar way to a series-connected active filter [13] , [14] . The auxiliary converter will reduce/cancel the low-frequency ripple present in the output voltage and facilitate accurate control over the circulating current by switching faster while being rated at only a fraction of the supply voltage. 
A. Hybrid Cycloconverter in CCM
Cycloconverters operating in CCM are known to offer better output voltage waveforms because of the filtering effect provided by the CCR. Fig. 2(a) shows the topology of a three-/ one-phase hybrid cycloconverter using an asymmetric H-bridge inverter with a split dc-link capacitor. Each leg of the H-bridge inverter handles one direction of the load current and the circulating current. The topology will result in a low number of forced commutations but, since the typically low frequency load current passes through the split dc-link capacitors, the required capacitor size is maximized.
By adding an extra full inverter leg to the auxiliary inverter, as shown in Fig. 2(b) , the split dc-link capacitors can be merged into one capacitor, resulting in half of the dc-link capacitor voltage compared to the H-bridge. Moreover, it is also possible to reduce the size of the dc-link capacitor since only a fraction of the load current amplitude at much higher frequency needs to be handled.
B. Hybrid Cycloconverter in CCFM
Cycloconverters operating in CCFM are known to offer a poorer output voltage waveform quality mainly because, at any time, one of the thyristor half bridges (THY1 or THY2) is disabled. However, the lack of a CCR and the circulating current means that the size can be kept small and the input power quality (mainly the reactive power consumed from the power grid) is improved compared to a cycloconverter in CCM with an identical number of pulses. In a similar way, it is possible to derive two hybrid cycloconverter topologies that operate in CCFM: The topology uses a half-bridge inverter with split dc-link capacitors, as shown in Fig. 2(c) , since a full inverter leg is able to handle both the positive and negative load currents; the topology using a full bridge inverter with a single dc-link capacitor is shown in Fig. 2 , it is clear that the CCFM hybrid cycloconverter is simpler/cheaper to implement, however, a full load side and supply-side performance evaluation is necessary to clarify if the CCM topologies offer additional performance that could justify the added complexity.
C. Control of the Hybrid Cycloconverters
The control structure to fit both types of hybrid cycloconverters is shown in Fig. 3 . It consists of three loops to control the following parameters: 1) circulating current, by controlling the differential-mode voltage that exists between the two halves of the thyristor bridge and that needs to be cancelled by injecting a countercomponent with the auxiliary inverter; this injected voltage component consists of the following components: the output of a fast proportional-integral (PI) controller that monitors the circulating current and a feedforward of the low-frequency harmonic inherently present in the differential-mode voltage generated between the thyristor half bridges (note that this section of the control diagram is active only when the hybrid cycloconverter operates in CCM); 2) output voltage, by controlling the required commonmode voltage that needs to be injected by the auxiliary inverter; the injected voltage is used to cancel the output voltage ripple generated by the thyristor half bridges (note that, for the hybrid CCFM cycloconverter, since one thyristor half bridge is completely disabled for a half-wave of the output current, the entire common-mode reference voltage V CM is directed to the corresponding section of the auxiliary inverter); 3) dc-link capacitor voltage of the auxiliary inverter, by adding/subtracting an offset to/from the reference of the output voltage that produces the firing angles for the two thyristor half bridges. The following explanations apply to the hybrid cycloconverter operating in CCM (Fig. 3) ; for the CCFM, the control loop for the differential mode is not used (Fig. 3-switch open) , while the reference voltage to be injected by the auxiliary inverter is directed to the inverter section corresponding to the active thyristor half bridge while the inverter section corresponding to the inactive thyristor half bridge is disabled. 1) Control of the circulating current. A fast PI controller is used in order to accurately control the circulating current, which, in this approach, is measured, but an important issue in future research will be the removal of this current transducer. The output of this controller, which estimates the amount of voltage drop that will appear across two inductances (L cir ) in order to make the circulating current follow its reference, is then added to the differentialmode voltage produced by the two thyristor half bridges which is estimated based on the supply voltage measurements and the instantaneous switching state of the thyristors. 2) Control of the output voltage waveform. The commonmode voltage component produced by the two thyristor half bridges, which, in a normal cycloconverter, will be its output voltage, is subtracted from the reference (ripplefree) waveform, producing the common-mode voltage (distortion) that needs to be rejected by the H-bridge inverter V CM in order to remove all the unwanted lowfrequency voltage distortions. These two components are used to produce the voltage reference for each leg of the H-bridge inverter V HB1 and V HB2 as in Fig. 2(a) . For Fig. 2(b) , this is resized to account for the voltage component that is generated by the common (mid) inverter leg. 3) Control of the capacitor voltage control. In order to ensure proper operation of the H-bridge inverter, the capacitor voltages V cap1 and V cap2 are monitored by a slow PI controller, which generates a smooth offset signal that is added/subtracted from the reference voltage that produces the firing angles for the two thyristor half bridges THY1 and THY2. The duty cycles of the two half bridges are determined by dividing the reference voltage of each H-bridge inverter leg by the capacitor voltage.
The auxiliary inverter's gate pulses are produced by the PWM generator block by multiplying the two duty cycles with the switching period and arranging the switching states of the H-bridge accordingly to minimize switchings. The active switching state will generate the desired common-mode voltage reference V CM , while the ratio between the two zero switching states [Q 2 and Q 4 = ON or Q 2 and Q 4 = OFF in Fig. 2(a) , which means that the H-bridge inserts V cap1 and V cap2 with opposite polarities in the circuit, ideally canceling each other] generates the desired differential-mode reference V DM . For Fig. 2(b) and (d), there is a slight variation of the way that the duty cycles are calculated due to a different voltage capability of the full auxiliary inverter bridge.
III. SIMULATION RESULTS
Simulation models of the standard and hybrid [only Fig. 2(b) and (d) ] cycloconverters in both operating modes (CCM and CCFM) have been implemented in SABER. The circuit parameters used in the simulation models are given in the Appendix. Fig. 4 (a) and (b) shows the output voltages generated by the two thyristor half bridges, and Fig. 4 (c) and (d) shows their spectra, respectively, revealing a 225 V pk at 5 Hz commonmode component. Due to the difference between the instantaneous output voltages of the two thyristor half bridges, a large differential-mode voltage shown in Fig. 4(e) is generated. Fig. 4(f) shows the spectrum of the differential-mode voltage, having the largest harmonic components (187 and 161 V pk ) around 150 Hz. This will cause circulating current that needs to be limited by the CCR. Fig. 5 compares the load-side performances of the standard and hybrid cycloconverters operating in CCM. Fig. 5(a) and (c) shows that, by using the CCR, the output waveform of a standard cycloconverter can obtain a better harmonic performance. However, since the hybrid converter has added functionality, it can further reduce the low-order voltage harmonics, such as the largest component from approximately 78 V pk (around 150 Hz) to 15 V pk [ Fig. 5(b) and (d) ]. Another improvement is obtained through the hybrid cycloconverter when analyzing the circulating current [ Fig. 5 (e) and (g)], which can now be reduced and maintained around a preset dc level [ Fig. 5 (f) and (h)]. The minimum value of the circulating current is dictated by the thyristor's holding current given in the datasheet, and this improvement may provide a more straightforward way of designing the CCR. Due to the highly inductive load, the improvement on the output voltage quality is not very obvious when comparing the waveforms of the load current [ Fig. 5(i) and (j) ]. Fig. 6 shows by comparison the output performances of the standard and hybrid cycloconverters operating in CCFM. Fig. 6(a) and (c) shows that the output voltage waveform looks worse than that of the standard cycloconverter in CCM (104 V pk compared to 78 V pk at 150 Hz). However, the auxiliary inverter is able to improve the spectrum by reducing the harmonics around 150 Hz to a negligible level, such as 1.47 V pk at 130 Hz, 1.43 V pk at 140 Hz, etc. [ Fig. 6(b) and (d) ], which is better than the previous case since only the common-mode voltage needs to be handled. This improvement is also clearly visible in the shape of the load current [ Fig. 6(e) and (f) ]. Fig. 7(a) ; only the voltage injected between the midpoint of one asymmetric leg and the output of the symmetric leg is shown] or in CCFM [ Fig. 7(b) ]. It can be seen from these two figures that the dclink capacitor voltage in the auxiliary inverter is around 300 V since it is equal to the amplitude of the injected PWM voltage. Fig. 8 shows the waveform and the spectrum of the input currents for all these four situations: operation of the standard cycloconverter versus that of the hybrid cycloconverter with and without circulating current. The only noticeable difference is that the standard cycloconverter in CCM [ Fig. 8(a) and (c) ] seems to draw a much larger input current at the fundamental frequency than the other three cases, which, considering that it has the same load profile and a very similar input current shape and harmonic profile, reveals that it consumes much more reactive power than the other three cycloconverter arrangements and therefore results in the worst displacement power factor (DPF).
A. Standard/Hybrid Cycloconverter in CCM

B. Standard/Hybrid Cycloconverter in CCFM
C. Input-Side Performance
IV. EXPERIMENTAL RESULTS
In order to further verify the improvements achieved by the hybrid solution, an experimental prototype was built by using identical parameters as those in the simulation model (Appendix). Fig. 9 shows the operation of the standard cycloconverter versus that of the hybrid cycloconverter, both in CCM. The improvements on the output voltage, the circulating current, and the load current waveforms are very similar to the simulation results: The voltage harmonics around 150 Hz present in the standard cycloconverter [ Fig. 9 (a) and (c)] have been significantly reduced (less than one-third) in the hybrid topology [ Fig. 9(b) and (d) ], and the presence of a more harmonic-free sinusoidal load current waveform [ Fig. 9 (i) and (j)] proves that the control of the hybrid cycloconverter is operating properly; the circulating current [ Fig. 9 (f) and (h)] measured in the hybrid cycloconverter by disconnecting the load is maintained around the 1.5-A set point with clearly reduced ripple compared to that of the standard cycloconverter [ Fig. 9 (e) and (g)].
Fig . 10 shows the experimental results comparing the operations of the standard and hybrid cycloconverters in CCFM. Again, the output voltage waveforms [ Fig. 10 where there is no obvious ripple superimposed on the fundamental component compared to the standard cycloconverter [ Fig. 10(e) ]. However, some low-order harmonic distortions caused by the errors in firing the incoming thyristors near the zero crossing of the load current are still visible for the hybrid situation.
Operation of the auxiliary inverter in CCM is illustrated in Fig. 11 (a) and in CCFM in Fig. 11(b) , which show the injected PWM voltage waveform and its low-pass-filtered component, which are similar to the simulation results. Table I summarizes the weighted total harmonic distortion (WTHD) of the output voltages generated by different topologies. As it can be seen from this table, the worst situations appear at the thyristor half bridge in CCM and the standard cycloconverter in CCFM while a better performance can be achieved by the standard cycloconverter in CCM. With the added auxiliary inverter, the hybrid cycloconverters in both operating modes are able to obtain the best performance at the output side.
The input current waveforms and their spectra for four situations mentioned previously are shown in Fig. 12 . Similar to the simulation results, the standard cycloconverter in CCM draws the largest fundamental input current compared to the other three situations and therefore consumes the most reactive power from the supply by assuming the same output power is delivered to the load in all situations. This fact can also lead to a worse input DPF for this situation, as shown in Table II , where an input-side comparison between different topologies is presented. Moreover, the input distortion factor remains more or less the same for all the topologies due to the similarities in the harmonic profile of the input power. Therefore, the hybrid cycloconverters in CCFM are able to obtain the best input power factor. These findings were confirmed by a more extensive evaluation [15] . This paper has evaluated two standard and two hybrid cycloconverter topologies that operate in CCM and CCFM through both simulation and experiment. The results show that the performance of the cycloconverter can be obviously enhanced by the hybrid cycloconverter approach compared to its standard cycloconverter counterpart. Although the circulating current can be accurately controlled (and, therefore, better input power quality can be obtained) through the hybrid solution, the hybrid cycloconverter topology in CCFM is still more favored due to its better input power quality, less power devices in the auxiliary forced commutated inverter, and no requirement of additional magnetics for limiting the circulating current. 
